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Waseda University, Tokyo 169, Japan The search for additional forces in nature has focused on identifying particle physics phenomena not predicted by the strong, electromagnetic, and weak forces. These are described by the standard model using a local gauge theory that accounts for each interaction using a vector boson force carrier [1] . Evidence for a new force could come from observation of the corresponding force carrier. There are a number of extensions to the standard model that predict the existence of a new charged vector boson, generically known as a W 0 boson. The most common extensions are left-right symmetric [2] , in that they presume that the W 0 boson mediates right-handed interactions, in the same way that the standard model W boson mediates only left-handed interactions.
Previous searches for new charged vector bosons with couplings to quarks and leptons have set model dependent limits on the new boson mass and on its cross section times branching ratio. Searches using the decay mode W 0 ! e e exclude a W 0 boson with mass <754 GeV=c 2 at 95% C.L. [3, 4] , while similar searches considering the decay mode W 0 ! have excluded a W 0 boson with mass <660 GeV=c 2 at 95% C.L. [5] . The most stringent single limit comes from a search combining both of these leptonic channels and excludes a W 0 boson with mass <786 GeV=c 2 at 95% C.L. [3] . These mass limits all assume that the new vector boson's couplings to leptonic final states will be given by the standard model, with the additional assumption that the mass of the neutrino produced in the leptonic decay of the W 0 is much less than the mass of the W 0 boson itself. A search that avoids any assumptions regarding the neutrino mass has involved the decay mode W 0 !0 , where the quarks are observed as high-energy jets, but is background limited and only excludes W 0 bosons with 300 < M W 0 < 420 GeV=c 2 at 95% C.L. [6] . Indirect searches studying, for example, the Michel spectrum in decay have resulted in more model-independent limits with less sensitivity [7] .
In The CDF detector is described in detail elsewhere [9] . The detector has a charged particle tracking system immersed in a 1.4 T solenoidal magnetic field coaxial with the p p p beams. The tracking system is surrounded by segmented electromagnetic and hadronic calorimeters measuring the flow of energy associated with particles that interact hadronically or electromagnetically out to jj of 4.2 [10] . Electron candidates with jj < 1:0 are identified using the observed calorimeter energy deposition and the presence of a charged track consistent with the calorimeter information. A set of charged particle detectors outside the calorimeter is used to identify muon candidates with jj < 1:0.
We search for those events that are consistent with W 0 ! t b b with the top quark decaying to final states including either e e b or b: The primary selection criteria is identical to an earlier study searching for single top quark production [11] . Candidate events are identified in the CDF trigger system by the requirement of at least one electron or muon candidate with p T > 18 GeV=c. The event sample is subsequently refined after full event reconstruction by requiring an electron or muon candidate with p T > 20 GeV=c and that the missing transverse energy in the event, 6 E T , be greater than 20 GeV. We reject events that are identified as dilepton candidates arising from top quark pair production (t t t) [12] , and reject other dilepton candidates as described in Ref. [11] . To select events with at least two bottom quark candidates, we require either two or three jets with transverse energy E T > 15 GeV and jj < 2:0, where the jets are defined using a fixed-cone clustering algorithm employing a cone size of R 2 2 p 0:4. The jet transverse energies are corrected for the effects of jet fragmentation, calorimeter nonuniformities and energy flow from the rest of the event [13] . We require that at least one of the jets be identified as a b quark candidate using displaced secondary vertex information from the silicon vertex detector [14] . This selection results in 57 candidate events.
We use a PYTHIA Monte Carlo calculation [15] and a CDF detector simulation to determine the expected number of candidate events we would observe in this data sample as a function of W 0 boson mass. We require the W 0 boson to have a right-handed coupling to the t b b final state, we set the top quark mass to 175 GeV=c 2 and we assume that the top quark always decays to a Wb final state. We expect negligible signal yield differences between right-handed and left-handed couplings. We use the MRS(G) parton distribution functions [16] to model the momentum distribution of the initial state partons. We assume two scenarios on the mass of the right-handed
We use a next-to-leading-order calculation to estimate the production cross section [17] ; the increase in cross section over the leading-order prediction ranges from a factor of 1.50 at M W 0 225 GeV=c 2 to 1.26 at M W 0 600 GeV=c 2 . The efficiency times acceptance in both the electron and muon channels for our event selection is 9% for M W 0 225 GeV=c 2 , increases to 12% for M W 0 300 GeV=c 2 , and is approximately constant for masses up to 600 GeV=c 2 . The corresponding efficiency times acceptance for the lepton channel, where this lepton decays to an energetic muon or electron, is a factor of 6 to 10 smaller. We will not attempt to interpret our data for M W 0 < 225 GeV=c 2 as the acceptance calculation become increasingly uncertain as one nears the t b b kinematic threshold. The production cross section times branching ratio and the expected number of signal events as a function of M W 0 are shown in Table I . Over a wide range of W 0 boson masses, we would expect to see significant numbers of events contributing to our candidate sample.
We identified three sources that comprise the dominant background contributions to this search: the pair production of top quarks, single top quark production, and the associated QCD production of W bosons with one or more heavy quarks (Wb b b and Wc where c is the charm quark). We have investigated other possible background sources and find them to be individually insignificant. Using the predicted t t t production cross section of 5:1 0:9 pb [18], we estimate the t t t background using a PYTHIA Monte Carlo calculation to be 15:0 4:0 observed events. We use the methods described in Ref. [11] to estimate the single top quark contribution to be 3:9 0:9 observed events. The largest single background contribution comes from the associated QCD production of W bosons with heavy quarks. We employ the technique described in an earlier report [14] to estimate these, taking into account the different event selection requirements, and find a total expected background contribution of 15:6 3:0 events. Other sources of background, including events not containing a heavy quark jet, dilepton final states, and events with misidentified lepton candidates are predicted to give rise to 13:6 2:9 events. We thus expect 48 6 candidate events from background processes. This is in reasonable agreement with the 57 candidate events observed, and we TABLE I. The production cross section times branching fraction and the number of expected events for different W 0 masses and different assumptions regarding the right-handed neutrino sector. conclude we have no significant evidence for W 0 boson production.
P H Y S I C A L R E V I E W L E T T E R S
To set a limit on the W 0 mass, we employ the invariant mass distribution of the Wb b b final state as that provides more information about possible W 0 production than the number of candidate events alone. We reconstruct the momentum of the neutrino along the beam axis (p z ) by constraining the invariant mass of the lepton-neutrino pair to equal the W boson mass of 80:22 GeV=c 2 [19] . This generally provides two solutions, and we select the solution with the smaller value of jp z j as that is more likely correct given the central nature of the W 0 production mechanism. If the solution has an imaginary component, we use only the real component. The resulting Wb b b mass distribution for our 57 candidate event sample is shown in Fig. 1 and is compared with the expected mass distribution for a W 0 boson with M W 0 500 GeV=c 2 and for the sum of the background processes.
To estimate the size of the potential signal contribution, we perform an unbinned maximum likelihood fit to both the number of observed events and the observed mass distribution, allowing for both a signal and background contribution for different values of M W 0 ranging from 225 to 600 GeV=c 2 . We use a fitting technique identical to that employed in Ref. [11] , where we model the expected mass distribution as a sum of a signal component with size W 0 , and three background components with sizes t t t , st , and nt for the backgrounds from t t t production, single top quark production, and sources not containing a top quark, respectively. These parameters are normalized so that they equal unity when the fit results in the number of observed events predicted from each individual source. With this normalization, we can interpret
where the denominator is the expected production cross section times branching fraction for the W 0 boson assuming standard model couplings. Since the latter depends on the nature of the right-handed neutrino, we express our results using the two scenarios described earlier. We include in the likelihood Gaussian constraints on the expected number of events from the three background sources. The results of the fit are presented in Table II .
We set Bayesian 95% C.L. upper limits on the relative contribution of a W 0 boson by constructing a posterior distribution f W 0 for each fixed value of M W 0 by maximizing the likelihood function for fixed values of W 0 and multiplying the resulting function by a flat prior distribution for W 0 . We then convolute f W 0 with two Gaussian prior distributions to take into account the systematic uncertainties that affect the number of expected background or signal events and the shape of the resulting invariant mass distribution. The largest uncertainties arise from our uncertainty in b quark tagging efficiency (11%), in the lepton selection efficiency (10%) and in the parton distribution functions (between 4% and 11%). We are also sensitive to the value of the top quark mass; its current uncertainty of 5 GeV=c 2 [20] results in a systematic uncertainty on the acceptance of 15% at M W 0 225 GeV=c 2 , 8% at M W 0 250 GeV=c 2 , and 4% for higher masses. The systematic uncertainties from all effects total approximately 20% for W 0 boson masses ranging from M W 0 225 GeV=c 2 to 600 GeV=c 2 . To set a 95% C.L. upper limit on W 0 , we integrate the posterior distribution f W 0 . A frequentist calculation of this limit yields consistent results.
The results of the fit and this limit-setting procedure are summarized in Table II and plotted in Fig. 2 . We can TABLE II. The fit results for the number of events arising from W 0 production, normalized to the expected number of events for a given W 0 mass, and the Bayesian 95% C.L. upper limit on this fraction for the two different assumptions on the mass of the right-handed neutrino. . This is the first study made of this production and decay process, and we expect that it will be an effective search signature for higher mass W 0 bosons that might be produced at future higher energy and higher luminosity colliders.
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